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Abstract
The ductus arteriosus (DA) functionally closes during the transition from fetal to 
postnatal life because of lung aeration and corresponding cardiovascular changes. 
The thorough and explicit measurement and visualization of the right and left 
heart output during this transition has not been previously accomplished. We 
combined 4D flow MRI (dynamic volumetric blood flow measurements) and T2 
relaxometry (oxygen delivery quantification) in surgically instrumented newborn 
piglets to assess the DA. This was performed in Large White-Landrace-Duroc pig-
lets (n = 34) spanning four age groups: term-9 days, term-3, term+1, and term+5. 
Subject's DA status was classified using 4D flow: closed DA, forward DA flow, 
reversed DA flow, and bidirectional DA flow. Over all states, vessel diameters 
and flows normalized to body weight increased with age (for example in the as-
cending aorta flow—term-9: 126.6 ± 45.4; term+5: 260.2 ± 80.0 ml/min per kg; 
p = 0.0005; ascending aorta diameter—term-9: 5.2 ± 0.8; term+5: 7.7 ± 0.4 mm; 
p = 0.0004). In subjects with reversed DA blood flow there was lower common 
carotid artery blood flow (forward: 37.5 ± 9.0; reversed: 20.0 ± 7.4 ml/min per kg; 
p = 0.032). Linear regression revealed that as net DA flow decreases, common 
carotid artery flow decreases (R2 = 0.32, p = 0.004), and left (R2 = 0.33, p = 0.003) 
and right (R2 = 0.34, p = 0.003) pulmonary artery flow increases. Bidirectional 
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1   |   INTRODUCTION

Successful transition at birth is dependent on a coordi-
nated and timely conversion from fetal circulation, in 
which the placenta acts as the organ of gas exchange, to 
postnatal circulation, in which that role is performed by 
the lungs. During fetal life, intra- and extra-cardiac shunts 
ensure that oxygen-  and nutrient-rich blood is preferen-
tially delivered to the brain and the heart. In optimal birth 
transition the key fetal extra-cardiac shunt connecting the 
pulmonary and systemic circulation, the ductus arteriosus 
(DA), must achieve functional closure.

Closing of the DA shunt is caused by multiple inter-
related factors, including a rapid increase in partial pressure 
of oxygen (PaO2) as a consequence of lung aeration and the 
constricting action of oxygen. This leads to a rapid decrease 
of pulmonary vascular resistance and increase of pulmo-
nary blood flow, as well as an increase of systemic vascular 
resistance induced by cord clamping (Hooper et al., 2016; 
Van Vonderen et al., 2014). Complex dynamic changes 
within the DA occur during this time; the fetal pulmonary-
to-systemic (right-to-left) shunt flips direction, especially 
during low-pressure ventricular diastole, to become left-
to-right (systemic-to-pulmonary) shunting when averaged 
over the cardiac cycle (Clyman et al., 2012). These two pat-
ent DA states are complemented by a third, bidirectional DA 
flow, in which left-to-right flow occurs during systole and 
flips to right-to-left during diastole (Crossley et al., 2009). 
Functional closure of the DA takes approximately 1 to 3 days 
at term; however, in preterm neonates, DA closure is often 
delayed. This is in part a function of gestational age at birth; 
the more preterm, the more resistant the DA is to sponta-
neous closure. However, other factors including condition 
at birth, fetal growth restriction, and the availability of, or 
suitability for, interventions can influence DA closure rates 
(Sankar et al., 2019). Additionally, DA flow characteristics 
are important predictors of morbidity. Hemodynamically 
significant patent DA (hsPDA) is associated with reduced 
cerebral oxygenation and impaired perfusion of the kid-
neys and GI tract and the presence of pulmonary conges-
tion with increased risk of ventilator dependence. These 
manifest clinically as increased risk of intraventricular 

hemorrhage, renal impairment and necrotizing enterocoli-
tis, and bronchopulmonary dysplasia, respectively (Dice & 
Bhatia, 2007). With these clinical presentations, the hsPDA 
typically exhibits left-to-right blood shunting, termed “duc-
tal steal,” in which retrograde flow occurs through the DA 
with increased blood flow into the pulmonary circuit but 
reduced flow into the systemic circuit.

Though these changes have been understood in human 
and animal models for several decades, the direct compre-
hensive visualization and quantification of the cardiac sys-
temic and pulmonary output has not been reported during 
this transition. Coupled with well-developed animal mod-
els of preterm and term neonates, advances in MRI tech-
nology, namely the abilities to measure whole-chest blood 
flow using 4D flow MRI, “4D flow,” (Markl et al., 2012) and 
to quantify oxygen delivery in specific vessels using T2-
prepared MRI (Darby et al., 2020; Saini et al., 2020), allow 
for a more in-depth probing of the dynamic and varied 
changes in DA flow characteristics occurring at birth.

The purpose of this study was to explore the changes in int-
racardiac and DA flow patterns that occur at birth by perform-
ing 4D flow MRI in a newborn piglet model at times when the 
DA is likely to be either functionally patent or not. This in vivo 
technique allows for comprehensive visualization and quanti-
fication of blood flow over a large imaging volume, in this case 
the entire piglet thorax. Quantitative and qualitative intracar-
diac blood flow pattern changes are investigated over a range 
of neonatal piglets born preterm or at term, in both the new-
born period and at several days postnatal age with the aim of 
imaging a patent DA (as in fetal life) or a closed DA (as occurs 
soon after birth). These quantitative flow findings are validated 
against existing techniques and enhanced with the measure-
ment of oxygenation estimation using MRI T2 relaxometry.

2   |   METHODS

2.1  |  Ethical approval and animal 
inclusion

All procedures were performed with approval from the 
South Australian Health and Medical Research Institute 

DA blood flow changed oxygen saturation as determined by MRI between the as-
cending and descending aorta (ascending aorta: 90.1% ± 8.4%; descending aorta: 
75.6% ± 14.2%; p < 0.05). Expanded use of these techniques in preterm animal 
models will aid in providing new understandings of normal versus abnormal DA 
transition, as well as to test the effectiveness of related clinical interventions.
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(SAHMRI) Animal Ethics Committee following the 
guidelines of the Australian Code of Practice for the Care 
and Use of Animals for Scientific Purposes set by the 
National Health and Medical Research Council (National 
Health and Medical Research Council, 2013). All inves-
tigators followed the ethical principles summarized by 
(Grundy, 2015) and complied with the ARRIVE guidelines 
(Kilkenny et al., 2010). Studies were performed using 14 
Large White-Landrace Cross sows mated with a Duroc 
boar from the Roseworthy Piggery (University of Adelaide, 
Australia). To generate preterm piglets, sows (average sow 
litter, n = 11) were housed at the Preclinical Imaging and 
Research Laboratories, SAHMRI from 84  days gestation 
(term, 115 days) in individual pens with ad libitum access 
to food and water. Term-born piglets were derived from 
sows maintained at the Roseworthy piggery.

Thirty-four neonatal piglets comprised of 17 males and 
17 females were studied to investigate changes in cardio-
vascular flow patterns with age. Piglets were separated 
into four groups based on age when MRI was performed: 
term minus 9  days (T-9; delivered by Cesarean section 
preterm at 106 days gestation and immediately scanned; 
time from cord cut to start of 4D flow = 49.1 ± 39.1 min; 
range = 20–140 min; n = 12; five males; seven females), 
term minus 3 (T-3; delivered by Cesarean section and 
scanned at 112  days; time from cord cut to start of 4D 
flow = 38.2 ± 14.7 min; range =17–60 min; n = 10; six 
males; four females), term plus 1 (T+1; spontaneously 
delivered at 115  days and scanned within 12  h; n  =  8; 
five males; three females), and term plus 5 (T+5; spon-
taneously delivered at 115 days and scanned at 120 days; 
n = 4; one male; three females). T+1 piglets were deliv-
ered spontaneously in good condition at the piggery, ran-
domly selected from litters, and transported within 1 h in 
groups of 2–4 for imaging. As a result, scanning in the T+1 
group was performed 6–12 h after spontaneous delivery. 
T+5 piglets were housed at the piggery with the sow for 
5 days and transported to the MRI on the day of the study.

2.2  |  Preparation of piglets for 
MRI studies

For T-9 and T-3 piglets, pregnant gilts were fasted for a 
minimum of 12 h prior to being anesthetized. Pregnant 
gilts and newborn piglets were anesthetized with inhala-
tion of isoflurane via a face mask and then administered 
an intramuscular ketamine injection (20  mg/kg), intu-
bated, and maintained on 2%–3.5% isoflurane with an O2 
and air mixture of ~2 L/min O2 and 4 L/min air. Gilts 
were placed supine on the surgical table and an abdomi-
nal incision was made to expose the uterus. The uterine 
horns were opened sequentially to expose each fetus.

For all piglet age groups, a vascular catheter was im-
planted in the carotid artery and jugular vein, and carotid ar-
terial pressure was recorded (LabChart 7, ADInstruments). 
The piglet was intubated (uncuffed 2.5F endotracheal tube) 
and a blood sample was taken from the piglet carotid ar-
tery as a baseline blood gas measurement. In the T-9 and 
T-3 piglets, when all parameters were stable, the umbilical 
cord was clamped. All piglets were weighed and wrapped 
in a plastic bag for maintenance of piglet temperature as 
per standard neonatal intensive care practice before being 
immediately transferred to the MRI suite (3 Tesla clinical 
MRI system; MAGNETOM Skyra, Siemens Healthineers).

Piglets were placed on their left side in a custom-built, 
MRI safe, heated cradle to maintain normothermia. The 
piglets were connected to a ventilator outside the magnet 
room via MRI-compatible extension hoses. Anesthesia 
was maintained first with a bolus dose of propofol (5–
10  mg, IV) and then continuously infused (5  mg/kg/h). 
To ensure balanced anesthesia, piglets received an IV 
bolus dose of fentanyl (5  µg/kg) and, to prevent move-
ment while in the MRI, vecuronium (0.4 mg/kg). Neither 
betamethasone nor exogenous surfactant was required 
to achieve adequate lung compliance for stable postna-
tal transition in the T-3, T+1, and T+5 piglets. T-9 piglets 
received a 1.2 ml of bolus of Curosurf (Emerge Health) 
following intubation.

An MRI-compatible oxygen saturation (SaO2) and heart 
rate monitor were applied to the piglet's ear for the duration 
of the scan (Nonin Medical Inc.) and data were recorded 
continuously using LabChart 7 (ADInstruments). The pig-
lets were ventilated at a respiratory rate of 30–40 breaths 
per minute and fraction of inspired O2 titrated to achieve 
SaO2 = 90%–95% (peak inspiratory pressure = 22 cm H2O, 
positive end-expiratory pressure  =  5  cm H2O, tidal vol-
ume ~4 ml/kg). Due to issues with dead space and pres-
sure degradation between the ventilator and the piglet, gas 
pressure and flow rates were titrated to ensure appropriate 
and stable chest wall movement prior to the commence-
ment of the MRI scan sequences.

To monitor piglet health, vital signs were recorded and 
reviewed every 15 min during the scan. The carotid arte-
rial catheter was connected to a displacement transducer 
and a quad-bridge amplifier. The carotid arterial pressure 
waveform was recorded and processed in LabChart to gen-
erate a cardiac trigger with the interval between systolic 
peaks corresponding to the cardiac cycle length. Thus, 
cardiac-resolved MRI could be achieved by collecting data 
and retrospectively sorting it based on the carotid pressure 
waveform (Schrauben et al., 2020; Schrauben, Saini, et al., 
2019).

Piglet health was further monitored through the col-
lection of carotid arterial blood samples during MRI. 
Measurement of whole blood arterial PaO2, partial 
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pressure of carbon dioxide (PaCO2), pH, SaO2, hematocrit, 
hemoglobin, lactate, and glucose were measured with a 
RAPIDPOINT 500 (Siemens).

2.3  |  4D flow acquisition and processing

Imaging was performed with a standard 16 channel car-
diac receiver coil. Time-of-flight MRI angiography was 
used to visualize whole-piglet vasculature. From these 
images, 4D flow was prescribed (Figure 1a) in an axial 
orientation for whole thoracic and abdominal cover-
age, using 138  ±  15 slices (depending on animal size). 
Acquired voxel size was 1 × 1 × 1 mm3, resulting in volu-
metric coverage of 176 × 176 × (138 ± 15) mm3. Specific 
4D flow acquisition parameters over all subjects were: 
repetition time = 5.6 ms, echo time = 3.0 ms, and flip 
angle = 8°. The acquisition time, which depends on the 
piglet RR interval, was 12.8 ± 2.9 min. Velocity encod-
ing, a parameter set in the 4D flow acquisition based on 

the highest expected blood velocity in the volume, was 
set to 70  cm/s for all subjects. All images were recon-
structed to eight cardiac timeframes resulting in a tem-
poral resolution of 52 ± 10 ms per timeframe (Schrauben 
et al., 2020; Schrauben, Saini, et al., 2019). The acquisi-
tion did not employ respiratory navigator gating or mul-
tiple averages.

Pre-processing of 4D flow images utilized automated 
background phase correction and velocity unwrapping 
(Loecher et al., 2016). Corrected images (DICOM format) 
were then loaded into visualization and quantification 
analysis software (4D flow v2.4, Siemens) (Gulsun et al., 
2012). Whole-cardiac vasculature and surrounding great 
vessels were segmented directly from 4D flow data using 
time-averaged velocity-derived angiographic images 
(Figure 1b/c). Deformable registration was used to track 
the motion of vessels and update flow data over the car-
diac cycle.

4D flow measurements were taken in eight major 
cardiac vessels by automatic cross-sectional contouring: 

F I G U R E  1   Example left lateral 
neonatal piglet images in a T-3 1.4 kg 
male with open ductus arteriosus. (a) 
Whole piglet time-of-flight vascular 
imaging is used to prescribe the 4D flow 
acquisition (red wireframe). (b) Cardiac 
vasculature segmentation (yellow 3D 
rendering) is based on cardiac time-
averaged blood speed. (c) Zoomed view 
of labeled cardiac vessels of interest. (d) 
Particle trace visualization (color-coded 
based on blood speed) at end-systole 
(cardiac time = 124 ms)
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the ascending and descending aorta (AAo, Dao—distal 
to the DA), the main, left, and right pulmonary arter-
ies (MPA, LPA, RPA), the superior vena cava (SVC), the 
common carotid artery (CCA, or brachiocephalic ar-
tery), and the DA (if patent). Contours were manually 
inspected to ensure the capture of temporal changes in 
vessel cross-sectional area and to ensure contours were 
perpendicular to the vessel and direction of flow (Figure 
2). The calculated flow-related parameters included car-
diac cycle average flow normalized to fetal body weight 
(ml/min per kg) and cardiac cycle average vessel diam-
eter (mm).

2.4  |  Validation of 4D flow 
measurements

Conservation of mass, which states that total blood flow 
must be conserved in a circuit, can be used as internal 
validation for 4D flow. Conservation of mass was assessed 
in systemic and pulmonary vasculature using the follow-
ing equations (note that net DA flow can be positive or 
negative):

Additionally, 4D flow measurements of average flow 
over the cardiac cycle were compared against 2D PC MRI, 
which is considered the “gold standard” for MRI-based 
flow measurements: in-plane resolution  =  1  ×  1  mm2, 
slice thickness  =  5  mm, repetition time  =  5.6  ms, echo 
time = 3.2 ms, flip angle =30°, velocity encoding =70 cm/s, 

and 3 averages to increase image quality. The acquisition 
time per vessel was approximately 2.2  min. All images 
were reconstructed to 15 cardiac timeframes resulting 
in a temporal resolution of 27.7 ± 5.3 ms per timeframe. 
Measurements of 2D PC were not gathered in all vessels 
for reasons including scan time limitations, unresolved 
velocity aliasing, poor prescription, missing data, or DA 
not being visible.

2.5  |  Identification of the 
ductus arteriosus

At the small scale of vessels and intracardiac flow pat-
terns in these piglets, identification of a patent DA is non-
trivial. To identify and segment the DA, manually placed 
seed points were placed in the MPA and the DAo of the 
4D flow data. A vessel-tree centerline extraction was then 
performed using the analysis software. If the DA was pat-
ent, the MPA and DAo were connected by this centerline. 
Subjects were labeled as having a “closed DA” if this cen-
terline did not connect the MPA and DAo; this does not 
negate the possibility that the DA flow was too low or the 
shunt too small for the 4D flow technique to detect. Once 
segmented, particle traces, which follow the time-resolved 
paths of blood speed, were released from the MPA and 
DAo. These particles were used to determine DA blood 
direction at peak arterial systole and end-diastole, as de-
termined from the AAo flow waveform (Figure 2). This 
resulted in three patent DA states: (1) both systole and 
diastole were positive—forward or right-to-left shunting; 
(2) both systole and diastole were negative—reversed or 
left-to-right shunting; and (3) opposite direction between 

MPA = LPA + RPA + DA (if patent)

and AAo = SVC + DAo - DA (if patent) .

F I G U R E  2   Example quantification results in the piglet from Figure 1. (a) Left lateral view of flow measurement contours (blue) in all 
vessels and 3D velocity vectors color-coded to blood speed at peak systole (cardiac time = 124 ms). (b) The corresponding cardiac blood flow 
waveforms normalized to piglet weight for each measured vessel. A/D Ao, ascending/descending aorta; CCA, common carotid artery; SVC, 
superior vena cava; M/L/R PA, main/left/right pulmonary artery; DA, ductus arteriosus
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systole and diastole—bidirectional flow (Groves et al., 
2008).

2.6  |  Determination of oxygen saturation

As an addition to blood gas information gained from 
the carotid artery catheter (tip in the ascending aorta) 
and MRI blood flow information, oxygen saturation was 
estimated in the AAo and DAo using MRI T2 relaxom-
etry. The paramagnetic property of deoxyhemoglobin 
can be used to establish a relationship between the MRI 
time constant T2 of blood and blood SaO2 levels. Blood 
relaxometry was performed using a T2-prepared pulse 
sequence with a balanced steady-state free precession 
acquisition (MyoMaps, Siemens). MRI acquisition pa-
rameters over all subjects and vessels were: in-plane reso-
lution = 1.3 × 1.3 mm, slice thickness = 6 mm, repetition 
time = 4.2 ms, echo time = 2.1 ms, flip angle = 70°, T2 
preparation times = [32, 64, 96, 128, 160, 192] ms, and ac-
quisition time = 47 s. A non-rigid motion correction algo-
rithm was applied to compensate for in-plane movement 
caused by piglet breathing.

The T2 relaxation time was analyzed in the AAo and 
DAo using custom lab-developed software and as previ-
ously described (Saini et al., 2020). As the catheter was 
placed in the common carotid artery of the piglets, AAo 
SaO2 was expected to equal the values taken directly from 
the blood gas measurement during 4D flow scanning. 
Thus, with these two corresponding values, the Luz-
Meiboom exchange model (a quadratic equation) relating 
carotid SaO2 and AAo T2 relaxation time was derived (Luz 
& Meiboom, 1963; Saini et al., 2020). An additional eight 
in vitro samples taken from fetal pigs were utilized to bet-
ter characterize the T2–SaO2 relationship. This relation-
ship was then used to estimate SaO2 in the AAo and DAo 
from their respective T2 relaxation times.

2.7  |  Statistical analysis

Statistical testing was completed using R (R Core Team 
2020, R Foundation for Statistical Computing; https://
www.R-proje​ct.org/). Data are presented as aver-
age ± standard deviation. Significance level for all testing 
was set to 5% (p < 0.05).

2.8  |  Validation of 4D flow 
measurements

Over all subjects and vessels where both techniques, 4D 
flow and 2D PC MRI, were successfully completed, least 

squares regression and Bland–Altman analysis were 
performed.

2.9  |  Age- and sex-wise comparisons

Parameters used for statistical testing included animal 
characteristics, blood gas collection, and 4D flow param-
eters in each vessel. For the determination of differences 
across age, sex, and the interaction between age and sex, 
two-way analysis of variance (ANOVA) with post hoc 
Tukey's test was used. As the T+5 age group only had one 
male, it was excluded for this two-way ANOVA testing. 
Fewer animals were included in the T+5 group because 
the aim of the study was to observe an open or closed DA. 
Following this analysis, sex was collapsed, and one-way 
ANOVA was performed to find differences across all age 
groups including T+5.

2.10  |  DA flow direction post hoc analysis

The direction of blood flow across the DA (here using 
DA direction at peak arterial systole and end-diastole) 
determines shunting and may elucidate changes in 
neonatal health, particularly with oxygen delivery. 
This splits subjects into four groups based on DA sta-
tus: closed, patent with forward flow (forward), patent 
with reversed flow (reversed), and patent with bidirec-
tional flow. In piglets with a closed DA, differences in 
parameters measured for each age group were assessed 
using a one-way ANOVA with post hoc Tukey's test. 
Note group numbers were insufficient for two-way 
ANOVA with age and sex. In subjects with a patent 
(open) DA, differences between forward, reversed, 
and bidirectional DA flow were tested using two-way 
ANOVA to examine the effects of DA flow direction, 
sex, and the interaction between the two. For this test-
ing, separate age groups (T-9, T-3, and T+1) were col-
lapsed. To further examine how the direction of DA 
flow affected surrounding vessels, least squares regres-
sions of DA flow versus flow in each individual vessel 
were performed.

Finally, subjects that had AAo T2 measurements, DAo 
T2 measurements, or both were delineated by DA status. 
In subjects with no AAo T2 relaxometry, catheter SaO2 
was used to increase group numbers. Note group numbers 
were insufficient for age and sex delineation and these fac-
tors were collapsed. These data were comprised of both 
paired and unpaired SaO2 values. However, the number 
of unpaired values was too small for an optimal pooled 
t-test, and therefore an unpaired t-test was performed to 
examine groupwise changes.

https://www.R-project.org/
https://www.R-project.org/
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3   |   RESULTS

3.1  |  Group breakdown and animal blood 
gas status

Animal preparation and MRI scanning including 4D flow 
were completed in all 34 neonatal piglets, and no qualita-
tive differences in image quality were observed between 
age groups.

There was a statistically significant increase in piglet 
weight, mean arterial blood pressure, and systolic blood 
pressure with age (Table 1). Among blood gas param-
eters, lactate was significantly lower in older piglets. 
There were no differences in any of the other measured 
blood gas parameters taken just before or during 4D flow 
acquisition. A large spread in piglet body temperature 
was observed for both the youngest and oldest groups.

3.2  |  Visualization of intracardiac flows

Example particle trace visualizations of cardiac blood 
flow at peak arterial systole to determine DA status are 

shown in three piglets (Figure 3; a: T-9, 0.99 kg male; b: 
T-3, 1.48 kg male; c: T-3, 1.80 kg male). Corresponding 
animated versions of each panel can be found in Video 
S1, Video S2, and Video S3. The DA status and flow 
direction are labeled as closed with an apparent lack 
of flow (Figure 3a), patent and forward (right-to-left, 
Figure 3b), and patent and reversed (left-to-right, 
Figure 3c).

3.3  |  Validation of 4D flow 
measurements

Conservation of mass using 4D flow was calculated in all 
subjects (n  =  34 measurements). This resulted in high 
internal consistency, with the percent difference aver-
aged over all subjects (mean ± standard deviation): sys-
temic = 6.21% ± 6.04% and pulmonary = 8.70% ± 5.46%.

In the 34 piglets, 2D PC MRI of different vessels was 
successfully performed in the following proportions: AAo 
=13/34 (38%), MPA = 28/34 (82%), DAo = 27/34 (79%), 
LPA  =  14/34 (41%), RPA  =  15/34 (44%), SVC  =  26/34, 
(76%), CCA  =  22/34 (65%), and DA  =  2/24 (8%). This 

T A B L E  1   Piglet characteristics and blood gas parameters across age groups taken during MRI (mean ± standard deviation)

Age relative to term (days)

Characteristics T−9 T−3 T+1 T+5

Sample (male:female) 5:7 6:4 5:3 1:3

Cord cut to start of 4D flow scan (min) 49.1 ± 39.1 38.2 ± 14.7 — —

Weight (kg) 1.07 ± 0.14abc 1.59 ± 0.23 1.47 ± 0.47f 1.95 ± 0.16

Body temp during 4D flow (ºC) 34.0 ± 1.5b 35.0 ± 1.5 37.0 ± 0.4f 33.5 ± 2.4

Cardiovascular data

Heart rate—4D flow (bpm) 153.8 ± 22.0 129.1 ± 19.7e 134.5 ± 20.3f 179.1 ± 32.2

Heart rate—catheter (bpm) 156.7 ± 24.8 132.1 ± 23.4e 145.4 ± 33.1 192.9 ± 45.5

Mean arterial pressure (mmHg) 47.1 ± 6.6c 53.3 ± 8.1 49.4 ± 13.6f 68.8 ± 17.1

Systolic blood pressure (mmHg) 55.2 ± 5.5c 62.5 ± 11.3e 63.6 ± 15.6f 94.1 ± 21.6

Diastolic blood pressure (mmHg) 43.1 ± 7.9 47.2 ± 7.6 42.4 ± 12.7 56.1 ± 15.3

Blood gas parameters

PaO2 (mmHg) 223.8 ± 165.2 195.6 ± 97.2 276.3 ± 157.8 280.8 ± 38.7

PaCO2 (mmHg) 42.5 ± 19.0 53.9 ± 33.5 52.4 ± 27.2 32.2 ± 4.9

pH 7.451 ± 0.216 7.417 ± 0.250 7.358 ± 0.224 7.444 ± 0.078

SaO2 (%) 93.2 ± 7.4 95.0 ± 3.8 93.0 ± 6.8 93.0 ± 8.6

Hematocrit (%) 26.9 ± 3.0 24.2 ± 4.2 25.8 ± 2.2 21.3 ± 4.9

Hemoglobin (g/L) 91.6 ± 9.9 82.0 ± 14.6 87.5 ± 8.3 71.8 ± 16.5

Lactate (mmol/L) 4.13 ± 1.68bc 4.49 ± 1.67de 1.75 ± 0.98 0.78 ± 0.27

Glucose (mmol/L) 4.45 ± 1.87 3.98 ± 1.90 6.02 ± 1.29 5.90 ± 1.49

Parameter differences across age groups were tested using one-way ANOVA. Inter-group significant differences are labeled: a: T-9 versus T-3; b: T-9 versus 
T+1; c: T-9 versus T+5; d: T-3 versus T+1; e: T-3 versus T+5; f: T+1 versus T+5.
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resulted in 147 direct flow measurement comparisons 
between 2D PC MRI and 4D flow (Figure 4). Good cor-
relation between the techniques (R2 = 0.84, slope = 0.86, 
95% confidence interval [0.80, 0.93]) was observed, re-
sulting in a bias of +6.39 ml/min per kg (limits of agree-
ment = [−41.8, 54.5]).

3.4  |  Identification of the 
ductus arteriosus

While the DA was fully closed in all T+5  subjects (4/4, 
100%), it was open in some proportion in the three other 
age groups (Table 2): T-9 (9/12, 75%), T-3 (10/10, 100%), 
and T+1 (5/8, 63%). Among subjects with patent DA, 
forward, reversed, and bidirectional DA flow was ob-
served in the following proportions: T-9 (forward—2/9, 

22%, reversed—4/9, 44%, bidirectional—3/9, 33%), T-3 
(forward—3/10, 30%, reversed—5/10, 50%; bidirec-
tional—2/10, 20%), and T+1 (forward—1/5, 20%, re-
versed—0/5, 0%; bidirectional—4/5, 80%).

F I G U R E  3   Example peak systolic flow particle trace visualizations of piglets in a left lateral view with closed DA (a, T-9, 0.99 kg male), 
forward DA flow (b, T-3, 1.48 kg male), and reversed DA flow (c, T-3, 1.80 kg male). DA location is denoted by yellow arrows. Note swirling 
flow and vortex formation in the DA in (c). Animated versions of these particle trace visualizations can be found in Video S1, Video S2, and 
Video S3. DA, ductus arteriosus

(a) (b) (c)

F I G U R E  4   2D PC MRI versus 4D 
flow vessel by vessel comparison of 
blood flow (ml/min per kg) using linear 
regression (left) and Bland–Altman 
analysis (right). For regression, the best 
fit line (dashed black) is shown with 95% 
confidence intervals (gray shading), as 
well as the unity line (gray) for reference. 
A/D Ao, ascending/descending aorta; 
CCA, common carotid artery; SVC, 
superior vena cava; M/L/R PA, main/
left/right pulmonary artery; DA, ductus 
arteriosus

T A B L E  2   DA patency status and flow direction in piglets with 
an open DA as determined by 4D flow. DA flow direction was 
determined from peak arterial systole and end-diastole

Age relative to term (days)

DA status T−9 T−3 T+1 T+5

Closed 3 0 3 4

Open 9 (75%) 10 (100%) 5 (63%) 0 (0%)

Forward 2 3 1 —

Reversed 4 5 0 —

Bidirectional 3 2 4 —
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3.5  |  Effect of age and sex on blood flow 
measurements

Summary results for blood flow and diameter across all 
vessels and piglets are shown in Figure 5. These are delin-
eated by the four gestational age groups. From two-way 
ANOVA, there was no effect of sex on 4D flow parameters 
from T-9 to T+1 and no interaction between the effect of 
sex and age (3 ages).

From the statistical comparisons using one-way 
ANOVA across ages, all flows except the CCA increased 
from T-9 to T+5, while the AAo, DAo, and MPA increased 
from both T-3 to T+5 and T+1 to T+5. This increase in 
flow is preceded by an earlier increase in diameter in all 
vessels from preterm to postnatal.

3.6  |  DA status post hoc analysis

Using one-way ANOVA in piglets with a closed DA 
(Figure 6), significantly lower blood flow was observed 
in T-9 compared to T+5 piglets (AAo, MPA, DAo, LPA, 
and SVC), while in the same groups, diameter was sig-
nificantly lower in the AAo, MPA, LPA, RPA, and SVC. 

Among piglet characteristics, cardiovascular data, and 
blood gas data, weight (T-9 vs. T+1; T-9 vs. T+5) increased 
with age, while lactate (T-9 vs. T+5) decreased.

Patent DA blood flow and diameter comparisons 
were tested using two-way ANOVA (effects: DA blood 
flow direction and sex) and are shown in Figure 7. 
Compared with forward DA flow, statistically signifi-
cantly lower CCA blood flow in subjects with reversed 
DA blood flow was observed, with no effects of sex or 
the interaction of DA flow direction and sex. No signifi-
cant differences were observed for blood flow or diame-
ter across all remaining vessels and DA flow directions. 
For piglet characteristics, cardiovascular data, and 
blood gas data, no statistically significant differences 
were observed over DA flow direction or sex (or their 
interaction).

Least-squares regressions of patent DA flow versus 
flow in surrounding vessels are shown in Figure 8. No 
significant correlation was observed between DA flow 
and AAo, DAo, MPA, or SVC flow. As DA flow decreases 
(more left to right shunting), significant decreases occur 
in CCA flow (R2 = 0.32, p = 0.004), while LPA (R2 = 0.33, 
p = 0.003) and RPA (R2 = 0.34, p = 0.003) flow are signifi-
cantly increased.

F I G U R E  5   4D flow blood flow (left, in ml/min per kg) and diameter (right, in mm) measurements (mean ± standard deviation) across 
all major cardiac vessels and piglets, delineated by gestational age, sex (shapes), and direction of DA blood flow (colors: closed, forward, 
reversed, bidirectional). Within each age group, differences are statistically tested using one-way ANOVA and shown at the top of each 
plot: a: T-9 versus T-3; b: T-9 versus T+1; c: T-9 versus T+5; d: T-3 versus T+1; e: T-3 versus T+5; f: T+1 versus T+5. A/D Ao, ascending/
descending aorta; CCA, common carotid artery; SVC, superior vena cava; M/L/R PA, main/left/right pulmonary artery
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3.7  |  Impact of DA patency on DAo 
oxygen saturation

Vessel T2 relaxometry imaging was successfully per-
formed and analyzed in the following proportions: T-9 
(AAo = 11/12, 92%; DAo =11/12, 92%), T-3 (AAo = 3/10, 
30%; Dao = 1/10, 10%), T+1 (AAo = 7/8, 88%; Dao = 7/8, 
88%), T+5 (AAo = 2/4, 50%; Dao = 2/4, 50%). Combining 
the 23 AAo T2 and eight additional in vitro T2 measure-
ments allowed for 31 values to be used in the fitting of the 
T2–SaO2 relationship curve. This resulted in fit parameters: 
T2,0 = 175.5 ms, K0 = 0.00402 ms−1, K1 = 0.01649 ms−1 
(R2 = 0.72). This curve was then used to calculate the SaO2 
in blood vessels where T2 relaxation times were measured.

Figure 9 displays T2 MRI estimated SaO2 values in the AAo 
compared with those estimated in the DAo, delineated by DA 
flow direction and sex. Intra-subject values are connected. 

Among all data, significant differences (p  <  0.05) were ob-
served between AAo and DAo SaO2 values only in the “bidi-
rectional” DA flow group. Group breakdowns of SaO2 were as 
follows: all grouped together—AAo (n = 33) =89.4% ± 8.9% 
versus DAo (n  =  19) =84.1%  ±  11.6%; closed—AAo 
(n = 10) =88.3% ± 6.4% versus DAo (n = 7) =83.2% ± 9.9%; 
forward—AAo (n = 5) =85.9% ± 10.6% versus DAo (n = 2) 
=84.1% ± 4.2%; reversed—AAo (n = 9) =91.8 ± 11.2% versus 
DAo (n = 5) =93.8% ± 6.0%; and bidirectional—AAo (n = 9) 
=90.1% ± 8.4% versus DAo (n = 5) =75.6% ± 14.2%.

4   |   DISCUSSION

Here we presented the assessment of DA and great 
vessel blood flow, blood gas measurements, and MRI-
derived SaO2 in a cohort of 34 neonatal piglets at 

F I G U R E  6   4D flow blood flow (left, 
in ml/min per kg) and diameter (right, in 
mm) measurements (mean ± standard 
deviation) across age in piglets with a 
closed ductus arteriosus. Differences were 
assessed using one-way ANOVA for each 
vessel: c: T-9 versus T+5; f: T+1 versus 
T+5. A/D Ao, ascending/descending 
aorta; CCA, common carotid artery; SVC, 
superior vena cava; M/L/R PA, main/left/
right pulmonary artery

F I G U R E  7   4D flow blood flow (left, 
in ml/min per kg) and diameter (right, in 
mm) measurements (mean ± standard 
deviation) across age in piglets with a 
patent ductus arteriosus (DA), delineated 
by sex (shapes) and direction of DA 
blood flow. Using two-way ANOVA, a 
reversed DA significantly lowered CCA 
flow compared with forward DA (F1). 
No significant differences were observed 
across all other vessels and DA flow 
directions. A/D Ao, ascending/descending 
aorta; CCA, common carotid artery; SVC, 
superior vena cava; M/L/R PA, main/left/
right pulmonary artery
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different ages, spanning those born and studied pre-
term, at term, and several days old. DA identification 
and status were determined with 4D flow segmenta-
tion and visualization in order to classify the DA as 
closed, patent with forward flow, patent with reversed 
flow, or patent with bidirectional flow. Combined with 
different ages, this information provides a novel and 
comprehensive investigation of the role of DA blood 
flow in early life.

4D flow validation results had good overall inter-
nal agreement (systemic  =  6.2%, pulmonary  =  8.7%). 
Compared with previous 4D flow animal studies, namely 
in fetal sheep with cardiac and hepatic vessels of similar 

size (Schrauben et al., 2020; Schrauben, Saini, et al., 
2019), internal consistency was improved (cardiac: 7.4%–
18.8%, hepatic: 15.3%). A good correlation between 4D 
flow and 2D PC MRI and an underestimation of 4D flow 
values were observed. While 2D PC MRI is the gold stan-
dard for flow measurements with MRI in a single loca-
tion, the difficulty of planning each slice, the acquisition 
time per slice (~2  min), and the relatively thick slices 
(5  mm) can be mitigated using 4D flow. Namely, the 
isotropic resolution of 4D flow, combined with the high 
internal consistency and ability to retrospectively place 
measurement planes in any orientation, compel its use 
in newborn piglets.

F I G U R E  8   4D flow linear regressions of ductus arteriosus (DA) blood flow versus flow in surrounding vessels (in ml/min per kg), 
delineated by sex (shapes) and direction of DA blood flow. A/D Ao, ascending/descending aorta; CCA, common carotid artery; SVC, 
superior vena cava; M/L/R PA, main/left/right pulmonary artery

F I G U R E  9   T2 MRI relaxometry-based AAo SaO2 estimates versus DAo SaO2 estimates (%), grouped by DA flow direction. As there 
were not enough unpaired measurements for optimal pooled t-test, unpaired t-test was performed with age and sex collapsed (p < 0.05). 
Only “bidirectional” DA flow showed a statistically significantly higher AAo SaO2. DAo, descending aorta; DA, ductus arteriosus
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Regardless of the patency of the DA, there was an in-
crease in body weight, heart rate, and mean and systolic 
blood pressure with increasing age. Similarly, cardiac out-
put as measured by 4D flow significantly increased with 
age. Interestingly, this increase in cardiac output observed 
with age was preceded by an increase in vessel diameter, 
usually in the previous age group. Despite a significant 
increase in body weight from T-9 to T+5 (from ~1 kg to 
~2  kg), blood flow normalized to body weight was sig-
nificantly higher in the T+5 subjects for all vessels. This 
suggests that in the first 5  days after birth, pulmonary 
and systemic demand is increased and may be met by an 
increase in heart rate rather than stroke volume (Giraud 
et al., 1995). This is further supported by increases in 
blood pressure with age.

In the detection of a patent DA using 4D flow, an un-
expected result was the increased detection of open DA 
in T-3 subjects (10/10) versus T-9 subjects (9/12). This is 
possibly a result of using the same acquisition parameters 
for 4D flow across piglets of all sizes and should be consid-
ered a limitation of this study. While scans were performed 
at relatively high spatial resolution (1 × 1 × 1 mm3), the 
likely smaller caliber DA, coupled lower blood flow, in 
T-9  subjects may render it unidentifiable at this resolu-
tion. These potentially undetectably small vessels are re-
flected by the smaller average DAo vessel diameter in the 
T-9 piglets compared with the T-3 piglets (5.0 ± 0.8 mm 
vs. 6.8  ±  1.4  mm). In older piglets, the DA was more 
likely to be closed (T-9 = 3/12, T-3 = 0/10, T+1 = 3/8, and 
T+5  =  4/4). The post hoc closed DA testing of 4D flow 
parameters revealed lower flow and diameter in the T-9 
group, following results over all piglet ages and DA sta-
tuses, as listed above.

Over subjects with a patent DA, post hoc analysis of 
DA flow direction with age collapsed was performed 
yielding statistically significant changes only in the 
CCA, with higher blood flow when DA flow was forward 
(right-to-left) versus reversed (left-to-right). As CCA di-
ameter was unchanged in these two states, these results 
provide evidence of upper body and brain “ductal steal” 
in the case of reversed DA flow. Regressions between 
flow in the DA and flow in all other vessels demonstrate 
this effect where ductal steal decreases CCA flow while 
increasing flow in the branch pulmonary arteries (LPA 
and RPA) as a function of decreasing (more negative) DA 
flow. The dynamic nature of DA flow after birth may be 
difficult to capture in a 12 min 4D flow acquisition, espe-
cially in the consideration of the dependence of DA flow 
on systemic to pulmonary pressure gradients (Crossley 
et al., 2009).

The implications of diminished cerebral blood flow 
are important. Previous preterm human ultrasound data 
suggest that systemic hypoperfusion (manifesting as 

low superior vena cava blood flow) resulting from DA 
shunting is strongly associated with late intraventricu-
lar hemorrhage (Kluckow & Evans, 2000). Systemic hy-
poperfusion in the presence of a patent DA has also been 
demonstrated using 2D PC MRI, yet direct DA measure-
ments were not made (Broadhouse et al., 2013). Recent 
work has suggested that early routine treatment to close 
the DA may not be necessary (Clyman et al., 2019) and 
current clinical practice is widely varied. However, the 
longer-term consequences of reduced cerebral perfusion 
or oxygenation due to patent DA with “ductal steal” on 
brain development are unknown. Unless contraindi-
cated, early ductal closure may be more feasible with the 
recent advent of patent DA occlusion by catheter inter-
vention in preterm infants. Indices that are used to deter-
mine hsPDA are traditionally determined by ultrasound 
(Shepherd & Noori, 2019). However, robust diagnostic 
criteria for intervention and optimal medical treatment 
for hsPDA remain to be established (Sung, 2019). The 
combination of whole-heart flow quantification using 
4D flow and T2 relaxometry MRI in major blood vessels 
(ascending and descending aorta) renders a comprehen-
sive representation of the changes occurring in the new-
born period and may help to better understand optimal 
transition patterns in preterm and term neonates. The 
translation of this knowledge to clinical care will enable 
clinicians to understand the physiological consequences 
of ductal patency and its flow patterns. This will in turn 
inform clinical decision making around medical inter-
vention to promote ductal closure; as no medication or 
intervention is without side effects in this patient group, 
understanding the safety of treatment versus permissive 
tolerance of ductal patency is key.

Finally, T2 relaxometry within the AAo and DAo, cou-
pled with SaO2 measurements from the carotid catheter 
taken during 4D flow allowed for the calculation of a novel 
blood T2–SaO2 relationship in piglets. From this relation-
ship, estimated DAo SaO2 values allowed for a post hoc 
analysis of DA flow direction and changes in SaO2 from 
the AAo (carotid SaO2) to the DAo. Only bidirectional DA 
flow showed a statistically higher AAo SaO2 compared 
with estimated DAo SaO2.

4.1  |  Limitations

A few limitations need to be mentioned. First, while 
the piglets were ventilated at a constant rate of 30–
40  breaths/min to produce stable chest wall move-
ment, no respiratory navigator gating was used in the 
4D flow acquisition. No obvious respiratory motion 
artifacts were observed in the reconstructed images, 
yet the small scale of the vessels measured here may 
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be affected by subtle motion, particularly the LPA and 
RPA. Respiration could be mitigated with the planning 
of respiratory navigators but would come at the cost of 
longer acquisition times.

Second, this study only examined large cardiac output 
vessels (and SVC) using 4D flow. Though not performed 
here, measurements of cardiac input, including the in-
ferior vena cava and foramen ovale shunting (if present) 
would further elucidate the function of the DA in early 
life.

Third, the T2–SaO2 relationship may not be optimal. 
The technique is based on previous work from our lab 
(Saini et al. 2020). In that study, the T2–SaO2 curve was de-
rived using in vitro blood drawn from both fetal and ma-
ternal sheep in four different vessels (arteries and veins). 
This allowed for a wide range of SaO2 (10%–100%) over 73 
total blood samples. By comparison, the combined in vitro 
and in vivo calibration presented here only used 33 total 
blood samples, comprising of a smaller range of SaO2 val-
ues (20%–100%). Notably, a majority of the blood samples 
(22/33, 67%) had an SaO2 > 90%. These factors likely in-
troduced more inaccuracies into our model fit (previous 
work in sheep R2 = 0.93; piglets R2 = 0.72); further valida-
tion of the pig blood T2–SaO2 relationship is required for 
future use, particularly if the range of SaO2 is below the 
physiological normal for adults or aims to measure SaO2 
in the fetus.

The use of anesthesia in a surgically prepared 
preterm animal model allows for the implementation 
of the relatively long scan times (>10 min) needed to 
acquire high-resolution 4D flow and to reduce move-
ment artifacts. While the use of 4D flow to examine 
DA patency and characteristics has been reported in 
a single-case study of a preterm infant (Broadhouse 
et al., 2015), broad application in this population is lim-
ited by technical challenges. These include logistical 
constraints (e.g., transfer to MRI suite, high image res-
olution, scan time, physiological challenges of main-
taining body temperature and vital signs monitoring, 
and control of movement artifact) involved in scanning 
extremely preterm infants who are the patient group 
most likely to need DA treatment yet are the most clin-
ically compromised. Work is ongoing to address these 
challenges in both human fetal and neonatal MRI 
(Goolaub et al., 2018; Roberts et al., 2020; Schrauben, 
Lim, et al., 2019).

Finally, it is tantalizing to consider using this ap-
proach to capture the actual process of changes in the 
DA at birth. For this to be feasible, the sow would need 
to be in the scanner with the intubated fetus positioned 
on her abdomen for localization scans. Ventilation, cord 
clamping, and the start of 4D flow would need to happen 
nearly simultaneously. However, a 200 kg sow would put 

the fetus above the optimal scanning plane in the bore. 
Additionally, the sequence runs for roughly 12 min, cre-
ating an average flow in each vessel over that time. Thus, 
minute by minute or second by second changes in flow in 
the DA cannot be measured using this approach, as can 
be done using flow probes. The advantage of 4D flow is 
that quantification and visualization can be performed in 
multiple vessels.

5   |   CONCLUSION

In conclusion, the optimal therapeutic goal for persistent 
DA flow in preterm infants remains uncertain. Defining 
vascular biomechanics in clinically relevant translational 
models of human preterm birth will provide novel in-
sights and ultimately a platform for clinical innovation. 
The techniques presented here could be employed to de-
termine normal DA transition timing and to test the ef-
ficacy of agents in opening or closing the DA.
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